The Advanced X -Ray Astrophysics Facility (AXAF) will be a national observatory designed for the observation of galactic and extragalactic X -ray sources.
Introduction
Our knowledge of the universe is obtained by studying the energy emitted by astrophysical objects.
For most of history this has meant the study of visible light, and man's fascination with the heavens is known to date back as far as the records of the moon's phases scratched on chunks of bone more than 30,000 years ago. The "modern" era of astronomical observations began in 1610 when Galileo used the optical telescope to discover the moons of Jupiter. Since then, astronomers have sought ways to improve their view of the sky. Visible light, however, is only one of the many types of electromagnetic radiation emitted by celestial objects. Figure 1 identifies the other regions of the electromagnetic spectrum and illustrates why astronomers have only recently been able to view the universe in other than the visible; that is, many types of radiation cannot penetrate the earth's atmosphere.
The field of X -ray astronomy, in particular, is a product of the space age which now allows scientists to perform astrophysical observations above the filtering effects of the earth's atmosphere.
Our knowledge of the universe is obtained by studying the energy emitted by astrophysical objects. For most of history this has meant the study of visible light, and man's fascination with the heavens is known to date back as far as the records of the moon's phases scratched on chunks of bone more than 30,000 years ago. The "modern" era of astronomical observations began in 1610 when Galileo used the optical telescope to discover the moons of Jupiter.
Since then, astronomers have sought ways to improve their view of the sky. Visible light, however, is only one of the many types of electromagnetic radiation emitted by celestial objects. Figure 1 identifies the other regions of the electromagnetic spectrum and illustrates why astronomers have only recently been able to view the universe in other than the visible; that is, many types of radiation cannot penetrate the earth's atmosphere. The field of X-ray astronomy, in particular, is a product of the space age which now allows scientists to perform astrophysical observations above the filtering effects of the earth's atmosphere.
X-rays, at the high energy end of the electromagnetic spectrum, play a unique role in providing detailed insight into the "how" and "why" of the physical processes that govern the universe. This follows in part because of the high energies required to create X-rays and in part because of the strange and fascinating objects which have been discovered to emit them. These objects including spinning neutron stars (so dense that a piece of neutron star material the size of a raindrop weighs as much as the combined weight of 3 billion people), supernova remnants (the remains of stellar explosions), and black holes (objects whose mass and radius have evolved so much that they totally collapse, leaving a "hole" in space from which not even light can escape). However, these objects are far from being just interesting oddities; on the contrary, they play a major role in the history of the universe.
In addition, stars, normal galaxies, exploding galaxies, clusters of galaxies, and the mysterious quasars number among the X-ray emitters.
Because of X-ray observations as well as those in other regions of the spectrum, especially the radio, astronomers have overturned the age-old concept of a constant static universe in favor of one which is dominated by change and violent phenomena. X-ray astronomy has played, and will continue to play, an important role in furthering our understanding of the universe because X-rays are always produced wherever and whenever such phenomena take place.
The advanced x-ray astrophysics facility
The Advanced X-Ray Astrophysics Facility (AXAF), currently under study, is conceived of as the next major step in the field of X-ray astronomy. The AXAF will be an X-ray observatory built around a large-area, high-resolution grazing incidence X-ray telescope and designed to operate in space as a national facility for 10 to 15 years. An ar:,..t's conception of the AXAF in orbit is shown in Figure 2 . Also shown is the Space Shuttle which will be used to place the AXAF above the earth's atmosphere. Data from the AXAF's scientific instruments will be transmitted to the ground via NASA's Tracking and Data Relay Satellite System (TDRSS). The arrow tips end at the highest altitude to which a particular wavelength penetrates.
The long lifetime of AXAF will provide scientists with a facility capable not only of performing the observations now known to be necessary because of previous discoveries and the questions raised by them, but also to expand X -ray observations into uncharted waters. The AXAF will make use of the versatility offered by the Space Transportation System which allows for the refurbishment and replacement of instruments in orbit. Thus one can take maximal advantage of the advances in detector technology which will take place throughout the lifetime of the observatory.
The scientific goals and the technical foundation of the AXAF rest heavily on the spectacular success of the HEAO -2 (Einstein) X -ray Observatory which was launched in November 1978 and will reenter the atmosphere in early 1981. Furthermore, the Einstein Observatory, through its Guest Investigator Program, is the most heavily utilized satellite that NASA has ever flown. This is testimony to the enthusiastic support from within the astrophysical community for X -ray astronomy in general and the AXAF in particular.
The AXAF, however, represents a significant improvement over the Einstein Observatory in all respects.
Two unique features of the AXAF have already been mentioned: namely, its long lifetime and the capability for the replacement and refurbishment of instrumentation.
In addition, and of equal importance, the AXAF will have four other major improvements over the Einstein Observatory: higher angular resolution, broader energy coverage, larger effective area, and the capability of a full complement of instrumentation to study all the properties of electromagnetic radiation in the X-region of the spectrum --spatial resolution, energy resolution, time resolution and sensitivity to polarization.
Thus, AXAF will blend a significantly increased capability and sensitivity for X -ray observations in wavelength regions where the Einstein Observatory obtained preliminary results to guide the way, with an extension of X -ray imaging to higher energies where new results await us.
With an average sensitivity of fifty to one hundred times that of any previous X -ray experiments and a lifetime five times longer than any previous X -ray mission, the AXAF will allow, for the first time, the detailed study of all the known categories of X-ray -emitting objects.
This capability places X -ray astronomy in the position to complement and coordinate with the other major astronomical observatories of the 1980's, the Space Telescope (ST) for visible light and the Very Large Array (VLA) for radio observations.
Together with AXAF the observatories will provide unique and powerful tools for man's exploration of the universe through the remainder of the twentieth century.
The high-resolution mirror assembly
The heart of the AXAF is the grazing incidence X -ray telescope. The baseline design is shown in Figure 3 and consists of a Wolter type I mirror assembly with six nested paraboloidhyperboloid pairs.
The inner diameter of the outermost pair is 1.2 m and the focal length is 10 m.
The length of each segment (paraboloid and hyperboloid separately is 84 cm. Adjacent optical surfaces are separated by distances on the order of centimeters to avoid vignetting Transparency of the earth's atmos- Figure 2 . phere to electromagnetic radiation as a function of energy. The arrow tips end at the highest altitude to which a particular wavelength penetrates .
The long lifetime of AXAF will provide scientists with a facility capable not only of performing the observations now known to be necessary because of previous discoveries and the questions raised by them, but also to expand X-ray observations into uncharted waters. The AXAF will make use of the versatility offered by the Space Transportation System which allows for the refurbishment and replacement of instruments in orbit. Thus one can take maximal advantage of the advances in detector technology which will take place throughout the lifetime of the observatory.
The scientific goals and the technical foundation of the AXAF rest heavily on the spectacular success of the HEAO-2 (Einstein) X-ray Observatory which was launched in November 1973 and will reenter the atmosphere in early 1981. Furthermore, the Einstein Observatory, through its Guest Investigator Program, is the most heavily utilized satellite that NASA has ever flown. This is testimony to the enthusiastic support from within the astrophysical community for X-ray astronomy in general and the AXAF in particular. The AXAF, however, represents a significant improvement over the Eins t ein Observatory in all respects. 'Two unique features of the AXAF have already been mentioned: namely, its long lifetime and the capability for the replacement and refurbishment of instrumentation.
In addition, and of equal importance, the A)LAF will have four other major improvements over the Einstein Observatory: higher angular resolution, broader energy coverage, larger effective area, and the capability of a full complement of instrumentation to study all the properties of electromagnetic radiation in the X-region of the spectrum --spatial resolution, energy resolution, time resolution and sensitivity to polarization. Thus, AXAF will blend a significantly increased capability and sensitivity for X-ray observations in wavelength regions where the Einstein Observatory obtained preliminary results to guide the way, with an extension of X-ray imaging to higher energies where new results await us. With an average sensitivity of fifty to one hundred times that of any previous X-ray experiments and a lifetime five times longer than any previous X-ray mission, the AXAF will allow, for the first time, the detailed study of all the known categories of X-ray-emitting objects. This capability places X-ray astronomy in the position to complement and coordinate with the other major astronomical observatories of the 1980's, the Space Telescope (ST) for visible light and the Very Large Array (VLA) for radio observations. Together with AXAF the observatories will provide unique and powerful tools for man's exploration of the universe through the remainder of the twentieth century.
The heart of the AXAF is the grazing incidence X-ray telescope. The baseline design is^ shown in Figure 3 and consists of a Wolter type I mirror assembly with six nested paraboloidhyperboloid pairs. The inner diameter of the outermost pair is 1.2m and the focal length is 10 m. The length of each segment (paraboloid and hyperboloid separately is 84 cm. Adjacent optical surfaces are separated by distances on the order of centimeters to avoid vignetting of X -rays within 20 minutes of arc from the optical axis and also to allow sufficient structural thickness to the mirror walls. 'r- The baseline design has evolved from the interaction between scientific requirements and engineering constraints.
It has been enhanced as a result of the experience gained in the design, fabrication, assembly, test, and performance of the Einstein telescope. The AXAF telescope characteristics are summarized in Table 1 , where they are also compared to those of the Einstein Observatory. There are several fundamental differences between the two telescopes, and these are only partially apparent in Table 1 .
First of all, the AXAF has a larger geometric collecting area, making it far more efficient than the Einstein tele-..
scope.
Furthermore, the range of grazing angles allowed by the AXAF design runs from 27 minutes of arc for the inner mirror pair to 51 arc minutes for the 1.2 m outer mirrors. Since the maximum X -ray energy that can be reflected is inversely proportional to the grazing angle, AXAF grazing incidence telescope the smaller grazing angles of the AXAF allow the response of the telescope to extend to energies above 7 keV. The total on -axis effective collecting areas are compared in Figure 4 . The off -axis response of the AXAF is shown in Figure 5 . conceptual configuration. fective shown in of X-rays within 20 minutes of arc from the optical axis and also to allow sufficient structural thickness to the mirror walls.
The baseline design has evolved from the interaction between scientific requirements and engineering constraints. It has been enhanced as a result of the experience gained in the design, fabrication, assembly, test, and performance of the Einstein telescope. The AXAF telescope characteristics are summarized in Table 1 , where they are also compared to those of the Einstein Observatory. There are several fundamental differences between the two telescopes, and these are only partially apparent in Table 1 . First of all, the AXAF has a larger geometric collecting area, making it far more efficient than the Einstein telescope. Furthermore, the range of grazing angles allowed by the AXAF design runs from 27 minutes of arc for the inner mirror pair to 51 arc minutes for the 1.2 m outer mirrors. Since the maximum X-ray energy that can be reflected is inversely proportional to the grazing angle, the smaller grazing angles of the AXAF allow the response of the telescope to extend to energies above 7 keV. The total on-axis efcollecting areas are compared in Figure 4 . The off-axis response of the AXAF is Figure 5 .
AXAF grazing incidence telescope conceptual configuration. Effective area as a function of Effective area of the AXAF telescope energy for on -axis radiation.
as a function of off -axis angle at selected wavelengths (energies).
The extension of X -ray imaging beyond the 7 keV has important scientific consequences. In general, a new regime of the X -ray spectrum is opened for X -ray imaging.
But, further, this allows for observations which include the important complex of lines of highly ionized iron between 6 and 7 keV.
These lines are a dominant feature in the X -ray spectra of many astrophysical objects.
The ability of the AXAF to perform X -ray imaging at these energies will thus provide an important diagnostic for probing the composition, structure, and general physical nature of a wide variety of systems.
The ability to extend the realm of X -ray imaging to high energies is partially a consequence of the longer focal length of the AXAF which, for a given diameter, allows for more significant geometric areas at lower angles of incidence. The long focal length of the AXAF has a second important consequence, namely a large plate scale (50 pm per second of arc, which is a factor of three greater than that of the Einstein Observatory. This automatically yields a threefold increase in angular resolution for even the HEAO generation of focal plane instrumentation.
The most significant difference between the AXAF and its prototype is the imaging quality. The AXAF's enhanced spatial resolution and sensitivity (determined by the fraction of flux within the core of the image) are of the highest scientific consequence.
Thus, for example, in the study of extragalactic objects, a large number of astrophysical problems cannot be attacked at the 4 arc second resolution level of the Einstein. These include the capability of resolving discrete X -ray sources in other galaxies.
Such observations could only be achieved of M31 (Andromeda, our nearest companion galaxy) with, however, spectacular results (Figure 6 ).
The AXAF with its effective area and angular resolution would allow one to extend such observations to much more distant galaxies. Effective area of the AXAF telescope as a function of off-axis angle at selected wavelengths (energies).
The extension of X-ray imaging beyond the 7 keV has important scientific consequences. In general, a new regime of the X-ray spectrum is opened for X-ray imaging. But, further, this allows for observations which include the important complex of lines of highly ionized iron between 6 and 7 keV. These lines are a dominant feature in the X-ray spectra of many astrophysical objects. The ability of the AXAF to perform X-ray imaging at these energies will thus provide an important diagnostic for probing the composition, structure, and general physical nature of a wide variety of systems.
The ability to extend the realm of X-ray imaging to high energies is partially a consequence of the longer focal length of the AXAF which, for a given diameter, allows for more significant geometric areas at lower angles of incidence. The long focal length of the AXAF has a second important consequence, namely a large plate scale (50 ym per second of arc, which is a factor of three greater than that of the Einstein Observatory. This automatically yields a threefold increase in angular resolution for even the HEAO generation of focal plane instrumentation.
The most significant difference between the AXAF and its prototype is the imaging quality. The AXAF's enhanced spatial resolution and sensitivity (determined by the fraction of flux within the core of the image) are of the highest scientific consequence. Thus, for example, in the study of extragalactic objects, a large number of astrophysical problems cannot be attacked at the 4 arc second resolution level of the Einstein. These include the capability of resolving discrete X-ray sources in other galaxies"! Such observations could only be achieved of M31 (Andromeda, our nearest companion galaxy) with, however, spectacular results ( Figure 6 ). The AXAF with its effective area and angular resolution would allow one to extend such observations to much more distant galaxies. Computer reconstruction of an electronic photograph of the center of M31 taken with the high resolution imaging X -ray detector on the HEAO -2/ Einstein Observatory. M31 (Andromeda) is a nearby galaxy.
More than 70 X -ray sources have been discovered in this galaxy, thus, equalling, in a single observation, the results of early maps of our own galaxy and providing a wealth of new astrophysical information.(Picture courtesy of Prof. R. Giacconi, Harvard -Smithsonian Center for Astrophysics).
The imaging performance of the AXAF will be determined, not by diffraction, but by the geometrical figure, alignment, and surface finish of the mirrors.
The figure and alignment determine the full width half maximum (FWHM) of the point spread function (PSF).
The surface finish, primarily microscopic surface roughness, determines the fraction of the reflected flux that remains within any given radius about the center of an X -ray image.
The design tolerances of the AXAF are currently such that figure errors will be kept at a level that will provide a PSF with a FWHM of 0.5 second of arc.
Since the FWHM of an X -ray telescope varies slowly with angle of incidence, high contrast features can be resolved out to the edge of the field of view.
The fraction of the imaged flux that lies within the FWHM is, however, a strong function of energy (as shown in Figure 7 ) and decreases rapidly with the angle of incidence.
Another important feature of X -ray telescopes is that the focal surface, which provides optimum imaging, is not a plane. Figure 8 shows the focal surface obtained by minimizing the rms blur circle diameter in a geometric ray tracing routine.
In this calculation a reflectivity of unity was assumed, and the resulting focal surface can be approximated by a spherical shape with a radius of 96 mm and a pole at the on -axis gaussian focus.
Thus, a narrow field, high spatial resolution detector might be best placed, not at the gaussian focus, but 0.15 mm towards the mirror assembly in order to achieve a more flat response over more than 1.5 minutes of arc, as shown in Figure 9 .
The AXAF telescope performance discussed previously must be translated into fabrication tolerances on the mirror assembly.
The method of specifying fabrication tolerances that we use is a direct outgrowth of the Einstein Observatory experience and is based on a procedure which converts the required X -ray performance into parameters that are amenable to measurement during fabrication and assembly. Figure 10 illustrates both the definition and current specifications of the AXAF fabrication tolerances.
In Table 2 tolerances are compared with the corresponding Einstein requirements and with the values actually achieved during the Einstein fabrication and assembly. We note that in several cases the AXAF tolerances are no more stringent than they were for the Einstein. On the other hand, the most demanding of these tolerances --that the variation in the difference between forward and aft radii as a function of azimuth [A(AR)]be less than + 15 microinches, that the variation between the actual surface slope and the design slope be less than + 0.25 microradian, and that the surface roughness be less than 15 oA rms --will require the full advance of fabrication technology that has taken place in the intervening years since the HEAO -2 was constructed.
There is no indication, however, based on our technology studies discussed later, that any of these requirements are beyond the state -of-the -art. The imaging performance of the AXAF will be determined, not by diffraction, but by the geometrical figure, alignment, and surface finish of the mirrors. The figure and alignment determine the full width half maximum (FWHM) of the point spread function (PSF). The surface finish, primarily microscopic surface roughness, determines the fraction of the reflected flux that remains within any given radius about the center of an X-ray image. The design tolerances of the AXAF are currently such that figure errors will be kept at a level that will provide a PSF with a FWHM of 0.5 second of arc.
Since the FWHM of an X-ray telescope varies slowly with angle of incidence, high contrast features can be resolved out to the edge of the field of view. The fraction of the imaged flux that lies within the FWHM is, however, a strong function of energy (as shown in Figure 7 ) and decreases rapidly with the angle of incidence. Another important feature of X-ray telescopes is that the focal surface, which provides optimum imaging, is not a plane. Figure 8 shows the focal surface obtained by minimizing the rms blur circle diameter in a geometric ray tracing routine.
In this calculation a reflectivity of unity was assumed, and the resulting focal surface can be approximated by a spherical shape with a radius of 96 mm and a pole at the on-axis gaussian focus. Thus, a narrow field, high spatial resolution detector might be best placed, not at the gaussian focus, but 0.15 mm towards the mirror assembly in order to achieve a more flat response over more than 1.5 minutes of arc, as shown in Figure 9 .
The AXAF telescope performance discussed previously must be translated into fabrication tolerances on the mirror assembly. The method of specifying fabrication tolerances that we use is a direct outgrowth of the Einstein Observatory experience and is based on a procedure which converts the required X-ray performance into parameters that are amenable to measurement during fabrication and assembly. Figure 10 illustrates both the definition and current specifications of the AXAF fabrication tolerances.
In Table 2 tolerances are compared with the corresponding Einstein requirements and with the values actually achieved during the Einstein fabrication and assembly. We note that in several cases the AXAF tolerances are no more stringent than they were for the Einstein. On the other hand, the most demanding of these tolerances --that the variation in the difference between forward and aft radii as a function of azimuth [A(AR)]be less than + 15 microinches, that the variation between the actual surface slope and the design slope be less than +0.25 microradian, and that the surface roughness be less than 15 8 rms --will require the full advance of fabrication technology that has taken place in the intervening years since the HEAO-2 was constructed. There is no indication, however, based on our technology studies discussed later, that any of these requirements are beyond the state-of-the-art. A reflectivity of unity was used. 
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Fraction of reflected flux in the central (1 arc second diameter) image as a function of energy.The calculation was performed assuming a Beckmann model for the scattering distribution. Figure 9 . RMg blur circle radius versus offaxis angle at(l) Gaussian focal plane,(2) focal plane placed 0.15 mm towards the telescope,(3) "optimum" focal surface shown in Fig. 8 . In addition to achieving the fabrication tolerances, means for in-process and possibly in situ measurements of figure and surface roughness will be desirable to reduce the set -up and turn -around time for these measurements during fabrication and assembly. Of course, such advances in the metrology will also have the advantage that they would minimize the handling of the mirrors.
OFF-AXIS ANGLE IN ARC MINUTES
Finally, the metrology must be compatible not only with the fabrication tolerances but also with the spatial frequencies of the polishing techniques and tools used to achieve them.
The principal mechanical assembly and alignment criteria of the AXAF mirror assembly are: the ability to survive the mechanical, thermal, and acoustic loads during launch, and possibly reentry and relaunch; to maintain alignment during orbital operations; to X -ray test on the ground in the horizontal position and to permit meaningful prediction of the results of these tests to zero gravity; and to permit the assembly and alignment within specifications.
Three basic mirror support concepts have been examined by the study team which involves both NASA's Marshall Space Flight Center (MSFC) and the Smithsonian Astrophysical Observatory (SAO).
These three concepts are illustrated in Figure 11 . The cantilevered support concept is an extension of the HEAO -2 approach and lends itself to simple assembly and alignment procedures.
However, it results in significant distortions of the optics under 1 g loading. On the other hand, the center support cylinder, which reduces the gravitational distortions, appears to complicate the assembly and alignment. The modified cantilever appears to combine the advantages of both approaches. All these designs apparently are viable, but considerations such as the preceding clearly indicate that a mere "scaling -up" of the HEAO -2 design must be treated with caution. In addition to achieving the fabrication tolerances, means for in-process and possibly in situ measurements of figure and surface roughness will be desirable to reduce the set-up and turn-around time for these measurements during fabrication and assembly. Of course, such advances in the metrology will also have the advantage that they would minimize the handling of the mirrors. Finally, the metrology must be compatible not only with the fabrication tolerances but also with the spatial frequencies of the polishing techniques and tools used to achieve them.
The principal mechanical assembly and alignment criteria of the AXAF mirror assembly are: the ability to survive the mechanical, thermal, and acoustic loads during launch, and possibly reentry and relaunch; to maintain alignment during orbital operations; to X-ray test on the ground in the horizontal position and to permit meaningful prediction of the results of these tests to zero gravity; and to permit the assembly and alignment within specifications.
Three basic mirror support concepts have been examined by the study team which involves both NASA's Marshall Space Flight Center (MSFC) and the Smithsonian Astrophysical Observatory (SAG). These three concepts are illustrated in Figure 11 . The cantilevered support concept is an extension of the HEAO-2 approach and lends itself to simple assembly and alignment procedures. However, it results in significant distortions of the optics under 1 g loading. On the other hand, the center support cylinder, which reduces the gravitational distortions, appears to complicate the assembly and alignment. The modified cantilever appears to combine the advantages of both approaches. All these designs apparently are viable, but considerations such as the preceding clearly indicate that a mere "scaling-up" of the HEAO-2 design must be treated with caution. Figure 11 . AXAF mirror support concepts.
Advanced technology studies
An advanced technology program for the AXAF X -ray optics is currently in progress at MSFC and SAO and also with contracts to Eastman Kodak, Itek and Perkin -Elmer. These studies have been undertaken to identify and understand the X -ray scattering properties of various candidate materials for the AXAF mirror elements and to study fabrication and metrology methods and techniques which may be applicable to the AXAF telescope.
Polished flat samples of a large number of materials, including fused silica and Zerodur (the leading candidate materials for the AXAF) have been fabricated, polished and coated and are currently being tested at the X -ray test facility at MSFC.
A diagram of the test setup is shown in Figure 12 .
The second X -ray reflection was introduced only to render the emerging X -ray beam parallel to the axis of the vacuum chamber and thus amenable to detection at the location of the detector.
The X -ray detector is a 1 inch diameter microchannel plate detector (the brassboard prototype of the HEAO -2 high -resolution imaging X -ray detector) and allows us to measure X -ray scatter at the sub -arc -second level.
It is interesting to note that, in the absence of any scattering effects, the detected radiation pattern is dominated by single -slit Fresnel diffraction.
In addition to the X -ray tests, the flat samples are also undergoing a series of measurements using a wide variety of metrological techniques (Table 3) in an attempt to determine quantitative relationships between the X -ray performance and the surface topography. Optical metrology for the aspheric mirror surfaces is also under study and breadboarding. Schematic diagram of the test setup being used to measure X -ray scatter from various samples. 
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Advanced technology studies An advanced technology program for the AXAF X-ray optics is currently in progress at MSFC and SAG and also with contracts to Eastman Kodak, Itek and Perkin-Elmer. These studies have been undertaken to identify and understand the X-ray scattering properties of various candidate materials for the AXAF mirror elements and to study fabrication and metrology methods and techniques which may be applicable to the AXAF telescope.
Polished flat samples of a large number of materials, including fused silica and Zerodur (the leading candidate materials for the AXAF) have been fabricated, polished and coated and are currently being tested at the X-ray test facility at MSFC. A diagram of the test setup is shown in Figure 12 . The second X-ray reflection was introduced only to render the emerging X-ray beam parallel to the axis of the vacuum chamber and thus amenable to detection at the location of the detector. The X-ray detector is a 1 inch diameter microchannel plate detector (the brassboard prototype of the HEAO-2 high-resolution imaging X-ray detector) and allows us to measure X-ray scatter at the sub-arc-second level. It is interesting to note that, in the absence of any scattering effects, the detected radiation pattern is dominated by single-slit Fresnel diffraction.
In addition to the X-ray tests, the flat samples are also undergoing a series of measurements using a wide variety of metrological techniques (Table 3) in an attempt to determine quantitative relationships between the X-ray performance and the surface topography. Optical metrology for the aspheric mirror surfaces is also under study and breadboarding. Figure 12 . Schematic diagram of the test setup being used to measure X-ray scatter from various samples. Finally, as part of the technology program and the phase B activity (currently scheduled to start in fiscal 1981), each of the competing systems contractors will build a 40 cm diameter Wolter type I paraboloid /hyperboloid. The 40 cm diameter was chosen to allow grazing angles which would yield an energy response over the full AXAF range and, at the same time, allow the mirror to be tested in X -rays at MSFC without any modification to the test facility.
FACILITY LAYOUT FOR FLAT TEST OVERHEAD VIEW
These test mirrors will be fabricated with the current AXAF tolerance specifications and will serve to test techniques and demonstrate the methods proposed to meet the AXAF requirements.
Spacecraft considerations
The great majority of the spacecraft requirements for the AXAF are noncontroversial and well within the current state -of-the -art.
These requirements and their feasibility using existing components have been discussed in detail in the MSFC /SAO Phase A reports and will not be repeated here. The area requiring the most advanced technology involves the aspect determination.
The typical X -ray observation with the AXAF will require more than 1000 seconds to form an image.
During this time there may be significant motion of the spacecraft relative to the target and /or the motion of the X -ray detector relative to the X -ray telescope. Fortunately, X -ray detectors are single photon counting devices.
Therefore, to reconstruct the X -ray image, one needs to know only the instantaneous position of the X -ray telescope axis and the relationship of this axis to the detector at the instant any particular event is detected, thus eliminating the requirement that these axes be absolutely stable.
The required knowledge of the positions of these axes will be obtained by means of aspect star cameras to monitor the alignment of the telescope axis to the celestial sphere and a fiducial light system to monitor the alignment of the telescope with respect to the detectors. The optimal arrangement of this monitoring system would have the fiducial lights projected back through the telescope and onto the star camera.
In order to meet the scientific requirements of the AXAF the present goal is to achieve an aspect solution with an absolute accuracy of 1.0 second of arc and a relative accuracy of better than 0.5 second of arc.
These requirements imply a fine aspect camera with a noise equivalent angle of less than 0.3 second of arc.
A requirement of a 95 percent probability of finding enough stars for an aspect solution anywhere on the celestial sphere and the present magnitude limit of accurate star catalogs imply that the aspect camera must be sensitive to ninth magnitude stars and have a total field of view of ti4 square degrees. The present view is that a star camera using a charge transfer device, either CCD or CID, should be built to meet these requirements.
Scientific instruments
NASA is planning to release an Announcement of Opportunity (AO) for scientific investigations, some of which would include the design and development of instruments.
The AO is planned for release some time this year.
It is expected that the number of instruments selected for study during the design definition phase will be greater than the number finally chosen for the initial flight of the AXAF. Subsequent AO's will be released for the refurbishment and /or development of new instruments based on a nominal schedule of on -orbit maintenance visits to the AXAF by the Space Shuttle every 30 months.
During the past 2 years a Science Working Group (members are listed in Table 4 ) has been involved in the AXAF study. The group has identified the following observational objectives which are required to meet the scientific goals of the AXAF: imaging, spectroscopy, polarization and timing. These observational goals together with the scientific requirements and performance goals of the AXAF will require: (a) Single photon counting X -ray imaging detectors with high spatial resolution, high quantum efficiency, and wide fields of view. (b) Spectrometers with both high (E /LE > 1000) and low (E/AE ti 10) energy resolution and high quantum efficiency and moderate time resolution. (c) Polarimeters of the highest sensitivity to X -ray polarization.
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The typical X-ray observation with the AXAF will require more than 1000 seconds to form an image. During this time there may be significant motion of the spacecraft relative to the target and/or the motion of the X-ray detector relative to the X-ray telescope. Fortunately, X-ray detectors are single photon counting devices. Therefore, to reconstruct the X-ray image, one needs to know only the instantaneous position of the X-ray telescope axis and the relationship of this axis to the detector at the instant any particular event is detected, thus eliminating the requirement that these axes be absolutely stable. The required knowledge of the positions of these axes will be obtained by means of aspect star cameras to monitor the alignment of the telescope axis to the celestial sphere and a fiducial light system to monitor the alignment of the telescope with respect to the detectors. The optimal arrangement of this monitoring system would have the fiducial lights projected back through the telescope and onto the star camera.
These requirements imply a fine aspect camera with a noise equivalent angle of less than 0.3 second of arc. A requirement of a 95 percent probability of finding enough stars for an aspect solution anywhere on the celestial sphere and the present magnitude limit of accurate star catalogs imply that the aspect camera must be sensitive to ninth magnitude stars and have a total field of view of ^4 square degrees. The present view is that a star camera using a charge transfer device, either CCD or CID, should be built to meet these requirements.
Scientific instruments
NASA is planning to release an Announcement of Opportunity (AO) for scientific investigations, some of which would include the design and development of instruments. The AO is planned for release some time this year.
It is expected that the number of instruments selected for study during the design definition phase will be greater than the number finally chosen for the initial flight of the AXAF. Subsequent AO's will be released for the refurbishment and/or development of new instruments based on a nominal schedule of on-orbit maintenance visits to the AXAF by the Space Shuttle every 30 months.
During the past 2 years a Science Working Group (members are listed in Table 4 ) has been involved in the AXAF study. The group has identified the following observational objectives which are required to meet the scientific goals of the AXAF: imaging, spectroscopy, polarization and timing. These observational goals together with the scientific requirements and performance goals of the AXAF will require: (a) Single photon counting X-ray imaging detectors with high spatial resolution, high quantum efficiency, and wide fields of view.
(b) Spectrometers with both high (E/AE >_ 1000) and low (E/AE £ 10) energy resolution and high quantum efficiency and moderate time resolution.
(c) Polarimeters of the highest sensitivity to X-ray polarization. No single X -ray instrument can meet all of these requirements. Tables 5 and 6 list possible candidate instruments and their expected performance. In addition, the AXAF may also have onboard, nonfocal plane out -of-the -optical -path instruments such as an all sky monitor and /or a collimated monitor counter. No single X-ray instrument can meet all of these requirements. Tables 5 and 6 list possible candidate instruments and their expected performance.
Detector
In addition, the AXAF may also have onboard, nonfocal plane out-of-the-optical-path instruments such as an all sky monitor and/or a collimated monitor counter. Determine the history and understand the evolution of the universe by means of X -ray observations.
The AXAF will be used to probe and understand the bursters, pulsars, and supernova remnants.
It will provide information about the structure, composition, and dynamics of our own galaxy and the physical processes involved. X -ray observations with AXAF will permit the study of the dynamics and evolution of clusters of galaxies and extend these observations to the very faintest sources.
AXAF will have the capability to observe quasars to the very edges of the universe (Z10).
These represent only a few of the astrophysical problems which AXAF is designed to address.
That the scientific goals of the AXAF can be so far reaching is a direct consequence of the spectacular success of the Einstein Observatory, which proved to be a significant milestone in the development of the field of X -ray astronomy. The Einstein extended the scope of this field to the point where all known classes of astronomical objects have been observed in X -rays.
The results of the Einstein observations have thus allowed X -ray astronomy to take its place as one of the major tools at our disposal in the study of the universe.
Yet, despite its success, it is sobering to realize that the light collecting power of the Einstein telescope was a step backward to the actual capabilities of the early development of the field and that the angular resolution was severely limited. The Einstein was clearly necessary to prove a new technology. This has now been accomplished, and in the intervening years even newer technology has evolved to provide us with the assurance that the AXAF can be built and utilized to its fullest potential.
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